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Keywords:
Brachiopod
Temperature
SeasonalityBrachiopods are long-lived, long-ranging, extant organisms, of which some groups precipitate a relatively
diagenetically stable low magnesium calcite shell. Previous work has suggested that the incorporation of
Mg into brachiopod calcite may be controlled by temperature (Brand et al., 2013). Here we build upon
this work by using laser ablation sampling to deﬁne the intra-shell variations in two modern brachiopod
species, Terebratulina retusa (Linnaeus, 1758) and Liothyrella neozelanica (Thomson, 1918). We studied
three T. retusa shells collected live from the Firth of Lorne, Scotland, which witnessed annual temperature
variations on the order of 7 °C, in addition to four L. neozelanica shells, which were dredged from a water
depth transect (168–1488 m) off the north coast of New Zealand. The comparison of intra-shell Mg/Ca proﬁles
with shell δ18O conﬁrms a temperature control on brachiopod Mg/Ca and supports the use of brachiopod
Mg/Ca as a palaeoseasonality indicator. Our preliminary temperature calibrations are Mg/Ca = 1.76 ±
0.27 e(0.16 ± 0.03)T, R2 = 0.75, for T. retusa and Mg/Ca = 0.49 ± 1.27 e(0.2 ± 0.11)T, R2 = 0.32, for
L. neozelanica (errors are 95% conﬁdence intervals).
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Magnesium to calcium ratios (Mg/Ca) have been established as
proxies for marine temperatures in a range of calcite shells, e.g., benthic
and planktonic foraminifera and ostracodes (Chivas et al., 1986; Dwyer
et al., 1995; Nürnberg et al., 1996; Rosenthal et al., 1997). Although
the Mg/Ca–temperature relationship in biogenic carbonates likely
represents a combination of thermodynamic and physiological effects
(Rosenthal et al., 1997), initial studies by Lee et al. (2004), Perez-Huerta
et al. (2008) and Brand et al. (2013) suggest that a consistent Mg/Ca–
temperature dependence may also be found in brachiopod calcite.
As a tool for obtaining palaeoclimate data rhynchonelliform brachio-
pods have several beneﬁts when compared to other fauna recording
palaeoclimate signals. All shells of the subphylum Rhynchonelliformea
have a ﬁbrous secondary layer of low magnesium calcite (Williams
et al., 1996), which is the most diagenetically stable form of CaCO3
(e.g., Lowenstam, 1961; Veizer et al., 1986). Rhynchonelliform brachio-
pod shells are present from the Early Cambrian to the present (Zhang
et al., 2008). This long fossil record offers the potential to collect
palaeoclimate data as far back as the early Palaeozoic and to calibrate
fossil data against modern observations. Excluding the pelagic larval.R. Bailey).
. This is an open access article understage, brachiopods stay in one place on the ocean ﬂoor throughout
their life and are therefore static recorders of their environment.
Brachiopod shells also have distinct growth lines. Although poorly
understood, these possibly represent seasonal change (Buening and
Carlson, 1992) and may also form biannually at times of physiological
and environmental stress, such as spawning (Curry, 1982). Therefore,
brachiopods may represent an untapped archive of past seasonality.
A recent study of Mg in rhynchonelliform brachiopod shells using
synchrotron X-ray absorption near edge spectroscopy has conﬁrmed
that Mg resides within the calcite lattice and is therefore suitable for
use as a temperature proxy (Cusack et al., 2008). Modern
rhynchonelliform brachiopod shells all have an outer primary layer of
prismatic calcite and an inner secondary layer of ﬁbrous calcite, and
some species have an additional tertiary layer of prismatic calcite
(Williams and Cusack, 2007). Previous laser ablation studies of
rhynchonelliform brachiopods using spot analyses have shown that
the primary layer displays high and variable Mg concentrations
(Perez-Huerta et al., 2008). Mg concentrations within the secondary
layer however are reproducible (Perez-Huerta et al., 2008) and
symmetrical in transects perpendicular to the main axis of growth
(Lee et al., 2004). Both these studies suggest that secondary layer calcite
might record seawater temperature signals. In addition, it has been
shown that secondary layer calcite is precipitated in oxygen isotopic
equilibrium with the ambient seawater, when sampling has avoidedthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
107S. Butler et al. / Chemical Geology 397 (2015) 106–117shell parts subject to resorption and renewed calciﬁcation during life
(the muscle scars, loop and teeth) (Parkinson et al., 2005; Yamamoto
et al., 2010a, 2010b, 2011; Brand et al., 2014).
A study of the Recent rhynchonelliform, Laqueus rubellus, dem-
onstrated that Mg/Ca maxima coincide with seasonal periods of
shell growth evidenced by the morpho-statistical approach of calcu-
lating deviations from a spiral shell growth curve (Pérez-Huerta
et al., 2014). Therefore, we aim to test the hypothesis that the cyclic
variations in intra-shell Mg/Ca proﬁles represent seasonal tempera-
ture variations. We ﬁrst describe a laser ablation method that re-
trieves proﬁles of trace element to calcium ratios from brachiopod
shells that are reproducible on the sub-mm scale. We then compare
laser trace element and microdrilled stable isotope data to deter-
mine whether seasonal temperature variations are recorded in Mg/
Ca proﬁles of modern shells of Terebratulina retusa (Linnaeus
[Linné], 1758) and Liothyrella neozelanica (Thomson, 1918). In addi-
tion, we assess the mean shell Mg/Ca of modern L. neozelanicaE870
1488m
E840
747 mB
A
Fig. 1.Maps of the United Kingdom and New Zealandspecimens from a water depth transect. Our combined approach en-
ables us to present an estimated sensitivity of brachiopod Mg/Ca to
temperature.
2. Brachiopod specimens
The modern species T. retusa has a recorded depth range of
18–2157 m and is patchily distributed around the central and eastern
North Atlantic as far north as the Barents Sea and as far south as Cape
Verde, and it is also present in the Mediterranean (Logan, 2007). Shells
1 to 3 are three T. retusa collected alive from a large population dredged
from a 150 to 200 m deep depression in the Firth of Lorne, Scotland
(56°26′N, 5°38′W, Fig. 1), where they are predominantly attached to a
substrate of horse mussels (Modiolus modiolus) (Curry, 1982). This
locality has water temperatures ranging from 6.5 to 13 °C throughout
the year (Curry, 1982) and a δ18O of 0.06‰ VSMOW (Parkinson et al.,
2005). Ten salinity measurements taken between February 1982 andE720
256 m
J691
168 m
with brachiopod collection sites marked by stars.
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Fig. 2. Schematic showing theoretical Mg/Ca proﬁles from the two different directions of
sectioning, drawn assuming continuous shell growth and that shellMg/Ca directly reﬂects
annual variations in seawater temperature over a period of 8 years.
108 S. Butler et al. / Chemical Geology 397 (2015) 106–117February 1983 from 120 to 200 m depth from three sites within 10 km
of the sampling site (Grantham, 1983; Grantham et al., 1983a, 1983b)
showed no signiﬁcant seasonal variation, having a February average of
33.8 ± 0.2 practical salinity units (1sd, n = 6) and a July average of
33.7 ± 0.1 psu (1sd, n= 4).
L. neozelanica is recorded fromwaters aroundNewZealand aswell as
the Chatham Rise (Logan, 2007). Specimens J691, E720, E840 and E870
were kindly donated from the Invertebrate Collection of the National
Institute of Water and Atmospheric Research (NIWA), Wellington,
NewZealand. Valveswere recovered by trawling and dredging between
1962 and 1989, from water depths between 168 m and 1488 m from
locations north of North Island within the East Auckland Current
(Fig. 1), and were subsequently stored dry. Corresponding temperature
and salinity data from single CTD casts near these locations vary
between 3 and 15 °C and between 34.6 and 35.4 psu (WOCE, 2002)
(Table 1).
The shell of L. neozelanica differs from that of T. retusa, by having an
additional layer. The bulk of the valve thickness is composed of this
tertiary layer prismatic calcite, which is precipitated closest to the
interior margin of the shell.
3. Methods
3.1. Preparation of Shells
The valvesweremanually separatedwhere necessary, cleaned using
deionised water and a ﬁne brush, and set in a polyester resin with a
methyl ethyl ketone peroxide catalyst. Valves were sectioned, following
the schematic in Fig. 2, with a diamond wafering saw and lapped with
silicon carbide. For each species, one valve was sectioned longitudinally
to investigate ontogenetic effects, and the remainder were sectioned
transversely ~5mm from the anteriormargin to avoid potential crystal-
lographic effects present in the posterior region (Perez-Huerta et al.,
2011). The theoretical Mg/Ca proﬁles (Fig. 2) are drawn assuming
continuous shell growth throughout the year and that shell Mg/Ca di-
rectly reﬂects annual variations in seawater temperature. The growth
pattern of the brachiopod shell thus predicts a symmetrical proﬁle in
the transverse sections, which would provide a useful additional
constraint when assessing the robustness of measured proﬁles, particu-
larly for fossil specimens.
3.2. Analysis by laser ablation ICP-MS
The sectioned shells were sampled using a New Wave Research
213nm laser ablation system, coupled to a ThermoXSeries2 Inductively
Coupled Plasma Mass Spectrometer (LA-ICP-MS) at Cardiff University
using the parameters shown in Table 2. The sample was moved under
the laser at 11 μm/s. At higher speeds, fragments of shell were seen to
break off, causing undesired spikes in signal intensity on ionisation. At
slower laser speeds, signal intensity was attenuated as less material
escaped the deeper laser ablation pits. Laser tracks were run as close
to the inside of the shell as possible to stay within the secondary layer
for T. retusa, and within the tertiary layer for L. neozelanica. Laser tracks
were curved so that the laser remained at the same distance from the
inner margin of the shell.Table 1
L. neozelanica valves from the north coast of North Island, New Zealand.
Shell
ID
Date
collected
Latitude/longitude Depth of recove
(m)
J691 09/09/1974 −37.5583000183/176.9799957275 168
E720 24/03/1967 −37.5499992371/178.5832977295 256
E840 16/03/1968 −33.8666992188/172.2666931152 757
E870 20/03/1968 −34.0833015442/168.1667022705 148824 Mg, 25 Mg, 27Al, 43Ca, 44Ca, 48Ca, 55Mn, 57Fe, 84Sr, 86Sr and 88Sr
peaks were averaged by the mass spectrometer every 0.5 s. The isotope
25 Mg was used as it gives more reproducible results than 24 Mg, possi-
bly due to interference of doubly charged 48Ca on mass 24. 86Sr was
chosen over 88Sr to avoid overloading the detector at higher signal
levels. NIST 610 glass was analysed as a standard between each sample
track, as similar concentrations ofMg are foundwithinmodern brachio-
pod shells and this glass (466 μg/g, Pearce et al., 1997). Standards were
measured about every 7 min and show a high level of reproducibility
throughout each day of analysis b8 %RSD for 25 Mg/43Ca, and b4%RSD
for 86Sr/43Ca and 43Ca/48Ca.
Each individual data point represents an averaged signal frommate-
rial ablated by a 40 μm laser spot that moved 5.5 μm along the laser
track; the spatial resolution is therefore ~50 μm. Valve proﬁles were
constructed from several individual tracks subsequently stitched
together. Due to a 5 s time delay between ﬁring the laser and obtaining
a stable signal, adjoining tracks were overlapped by 60 μm to ensure
continuous data proﬁles across the shell. This overlap meant that for a
new track, the ﬁrst 11 data points after the gas blank were omitted
from the results as they were obtained from the previously ablated
track. The total analysis time for a 30 mm traverse was about 2.5 hours.3.3. Screening of laser data
High Mg/Ca and Sr/Ca signals were occasionally recorded at the
valve margins, which resulted from the ablation of resin. These data
were easily identiﬁed by their reduced 43Ca signal intensity and
removed from the proﬁles presented here. Alongside Mg, Sr and Ca,
the isotopes 27Al, 55Mn and 57Fe were collected for the purpose of
screening for contamination of the brachiopod calcite. Diagenetic
alteration of original shell chemistry can cause incorporation of Fe and
Mn in the crystal lattice, while selectively removing Sr, and can change
originalMg concentrations in either direction depending on the circum-
stances (Brand and Veizer, 1980, Brand, 2004). Aluminium was
measured as an indicator of contamination by clay minerals, which
can cause elevated Mg/Ca values (Barker et al., 2003).ry Temperature at depth of recovery
from closest CTD cast (°C)
Section
15.0 Transverse
13.5 Transverse and ontogenetic section
7.5 Transverse
3.0 Transverse
Table 2
Laser parameters for LA-ICP-MS analysis.
Laser model New wave research UP213 UV
Energy density (ﬂuence) 3.0 Jcm−2
Focus Fixed at surface
Repetition rate 10 Hz
Track width ~40 μm
Acquisition mode Time resolved analysis
Duration of gas blank 35 s
109S. Butler et al. / Chemical Geology 397 (2015) 106–117As the T. retusa shells in this study are modern and were collected
alive, the effects of post-mortem diagenesis are absent. The data in
this study represent the natural levels of incorporation of elements
into the shell before death. In contrast, the dredged L. neozelanica
samples each experienced variable unknown lengths of time on the
sea-ﬂoor after death. As a result, two of these shells (E840 and E870)
have sub-mm scale borings inﬁlled by sediment. Such ‘contaminated’
areas of the element proﬁles were identiﬁed by elevated Al/Ca (up to
1800 μmol/mol), which correlated with elevated Mg/Ca (up to
200 mmol/mol). DatawithAl/Ca N4 μmol/molwere therefore discarded
from the L. neozelanica proﬁles.
3.4. Stable isotope analysis
Powder for stable isotope analyses was drilled using a New Wave
Research Micromill after acquisition of LA-ICP-MS data, in the same
location as the ablated tracks. Drilled trenches were of lengths of 500–
1200 μm, depths of 100–200 μm, and widths of ~60 μm. Trenches with
smaller dimensions did not produce enough powder for accurate stable
isotope analysis. After each trenchwasdrilled and the powdered sample0
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parallel to the interior margin. The x error bars reﬂect the spatial resolution of the sampling, a
day (8% RSD for Mg/Ca and 4% RSD for Sr/Ca). For this and all subsequent ﬁgures, the dashe
show the position of the laser tracks.transferred to a glass vial, the trench, sample surface and drill bit were
cleaned with deionised water and a brush to ensure no cross contami-
nation between trenches. Trenches were drilled as close to the inner
margin of the shell as possible, as only the inner half to two-thirds of
the shell thickness are known to be in oxygen isotopic equilibrium
with the ambient sea water (Auclair et al., 2003; Parkinson et al.,
2005). Samples were analysed at Cardiff University using an automated
carbonate preparation device (Kiel-III) coupled online to a Thermo
Finnigan MAT252 stable isotope mass spectrometer. Analytical preci-
sion was determined by repeated measurements of in house (Carrara
Marble) and international (NBS19) carbonate standards with a preci-
sion of 0.06‰. All results are reported relative to the PDB scale.
4. Results
4.1. Reproducibility of intra-shell element/calcium proﬁles
To assess the reproducibility of LA-ICP-MS intra-shell proﬁles, we
ran repeat analyses on two different short tracks from the dorsal valve
of T. retusa shell 1 (see inset, Fig. 3). Identical elemental proﬁles are not
expected as subsequent traverses sample slightly deeper in the
valve on each run. However, Mg/Ca proﬁles of repeated tracks have
reassuringly similar shaped proﬁles and Mg/Ca ranges (Fig. 3).
Furthermore, the Mg/Ca values of a run are positively correlated
with subsequent runs, with R2 values between 0.70 and 0.81.
Where the Mg/Ca of Track 1 reaches N 20 mmol/mol at ~0.3 mm, it
is likely that the laser began sampling material from the primary
layer. Mg/Ca values are closely comparable to the data of Perez-
Huerta et al. (2008) who produced proﬁles using ﬁve laser spots
across the width of T. retusa valves from the same locality. Three0
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110 S. Butler et al. / Chemical Geology 397 (2015) 106–117repeated runs of Track 2, parallel to the inner margin of the valve, also
yield consistent Mg/Ca proﬁles with ranges of 13.5 ± 1.5 mmol/mol
(Fig. 3).
Repeated Sr/Ca proﬁles are also consistent in shape and Sr/Ca range,
although the Sr/Ca values of a run and subsequent runs aremoreweakly
correlated (R2 between 0.35 and 0.72) than is the case for Mg/Ca. Both
runs of track 1 have a Sr/Ca range of ~1.4 mmol/mol. The repeated
runs of Track 2 have a Sr/Ca range of 0.9 ± 0.1 mmol/mol. Mg/Ca and
Sr/Ca do not co-vary in Track 2, parallel to the shell margin, although
appear to be weakly correlated in Track 1, across the shell width (R2 of
0.41 and 0.55), which includes both the primary and secondary calcite
layers (Fig. 3).4.2. Geochemical variability along an ontogenetic section of T. retusa
Element proﬁles were taken from the posterior to the anterior
margin of the ventral valve of T. retusa shell 1 (1 V, Fig. 4) to examine
variations in shell chemistry from the juvenile to adult portions of the
valve. The full range of Mg/Ca variation in valve 1 V reaches up to
120 mmol/mol in the youngest shell material, an enrichment of ~10
times the average value of the adult shell (Fig. 4, 1V inset). Including
this large peak, the Mg/Ca proﬁle of 1 V shows 9 pairs of Mg/Ca peaks
and troughs spaced ~2–3 mm apart, with all except the youngest two
being between 6 and 12 mmol/mol in peak-to-trough magnitude
(Fig. 4).Fig. 4. Proﬁles of laserMg/Ca, Sr/Ca and 43Ca/48Ca intensity data, andmicrodrilled δ18O data from
distances as the trenches drilled for δ18O analysis. 1 V is an ontogenetic section, from the post
values, and grey shading denotes where δ18O and averaged Mg/Ca do not co-vary. 1D is a tran
to the coincidence of high Mg/Ca and Sr/Ca with scattered 43Ca/48Ca. The maximum and mini
laser data, y error bars reﬂect analytical uncertainty based on standards run throughout the da
represent ±1 SD of the individual measurements. (For interpretation of the references to coloTo allow the comparison of δ18O andMg/Ca data on the same spatial
scale, we plot laser Mg/Ca data averaged over the same distances as the
trenches drilled for δ18O analysis (‘Averaged Mg/Ca’). In the youngest
part of valve 1 V, the proﬁles of δ18O and averaged Mg/Ca do not
co-vary (0–7.5 mm from the posterior edge of the valve, shaded grey).
However, Mg/Ca maxima and minima correspond with lighter and
heavier δ18O respectively, from 7.5 mm onwards, the adult portion of
the valve.
The ontogenetic Sr/Ca proﬁle (1 V) displays values as high as
2.8 mmol/mol at 0–1.2 mm, which is around twice the average value
of the rest of the valve. Between 2 and 15 mm, Sr/Ca show ﬂuctuations
with peak-to-trough magnitudes of up to 0.5 mmol/mol. Sr/Ca maxima
generally correspond to Mg/Ca maxima; however, Sr/Ca variations are
more poorly deﬁned than the Mg/Ca peaks and troughs.
Laser 43Ca/48Ca proﬁles are included as a monitor of instrument
performance and an indicator of the possible inclusion of non-
carbonate material in the shell. There is no signiﬁcant variation in this
ratio on proﬁle 1 V except for a small increase in scatter centred around
1 mm.
4.3. Geochemical variability along a transverse section of T. retusa
Proﬁle 1D of Fig. 4 reports data obtained from a transverse section of
the dorsal valve of shell 1. This section was cut at approximately two-
thirds of the distance from the shell posterior margin to avoid potential
crystallographic effects present in the posterior region (Perez-HuertaT. retusa shell 1. ‘AveragedMg/Ca’ is a plot of the laserMg/Ca data averaged over the same
erior to anterior margin of the ventral valve. The inset box shows the full range of Mg/Ca
sverse section, the grey shading denotes a portion removed through data screening due
mum values of the adult portions of the laser Mg/Ca proﬁles are indicated by arrows. For
y (±8% RSD for Mg/Ca, and ±4% RSD for Sr/Ca and 43Ca/48Ca). For δ18O, the y error bars
ur in this ﬁgure, the reader is referred to the web version of this article.)
111S. Butler et al. / Chemical Geology 397 (2015) 106–117et al., 2011), and to allow comparison between ventral (1 V) and dorsal
(1D) valves of the same shell.
The 43Ca/48Ca ratio is constant at 2.2±0.4 across this transverse pro-
ﬁle, except for a short portion with more variable ratios (9–10.5 mm),
which correspond to elevated Mg/Ca and Sr/Ca values (1D, Fig. 4, shad-
ed grey). The cause of this increased scatter is unknown but is likely to
be either contamination by clay minerals, non-shell carbonate or resin
causing isobaric interference in the Ca mass range. These shaded data
are not considered in further discussion, although they highlight the
usefulness of the 43Ca/48Ca ratio as a preliminary screen of data quality.
Disregarding this small portion, the Mg/Ca data delineate a proﬁle
that is approximately symmetrical about the mid-line in terms of
the magnitude and spacing of the peaks (cf. Lee et al., 2004). At the
edges of the valve, 0–6 mm and 11–16 mm, which grew when the
brachiopod was older, Mg/Ca displays narrow peaks reaching ~-
13 mmol/mol and broader minima of ~5 mmol/mol. In the centre
of the valve, 6–9 mm, which grew when the brachiopod was youn-
ger, values are higher andmore scattered between ~7–21mmol/mol.
The Mg/Ca variations of this transverse proﬁle (1D) have similar
peak-to-trough magnitudes (6–12 mmol/mol) and similar absolute
maxima and minima (arrowed) as the data from the adult part of
the ontogenetic proﬁle from the corresponding ventral valve
(Fig. 4, 1V, unshaded).Fig. 5. Transverse proﬁles of laser Mg/Ca, Sr/Ca and 43Ca/48Ca intensity data from T. retusa shel
Vertical lines show the suggested mid-line of the valve. The y error bars reﬂect analytical unc
for Sr/Ca and 43Ca/48Ca.There is a good overall similarity between the δ18O and averaged
Mg/Ca proﬁles of valve 1D, with higher Mg/Ca and lighter δ18O in the
centre of the valve. Maximum and minimum δ18O values of valve 1D
(2.28‰ and 1.33‰) are very similar to those recorded in valve 1 V
(2.29‰ and 1.02‰). Sr/Ca data are approximately 0.5 mmol/mol higher
in the centre of the transverse proﬁle (6–9 mm) than the edges of the
valve (0–6 mm and 11–16 mm) (Fig. 4, 1D).4.4. Variation in shell chemistry between three T. retusa shells (six valves)
Proﬁles of laser data from the remaining transversely sectioned
T. retusa, shells 2 and 3, are presented in Fig. 5. All four proﬁles are
approximately symmetrical about the mid-line, with deviation
resulting from the difﬁculty in cutting a section exactly perpendicu-
lar to the growth axis. Sr/Ca data vary by less than 0.5 mmol/mol in
all valves, and the 43Ca/48Ca ratio is constant between and across
all valves. Mg/Ca peak-to-trough magnitudes are closely comparable
to those seen in shell 1 (Fig. 4), with the highest magnitude,
14 mmol/mol, also seen in valves 2D and 3D. Absolute maximum
and minimum Mg/Ca values are consistent between both valves of
the same shell, and between all valves of three individual shells
(Table 3).ls 2 and 3. Maximum and minimum values of the Mg/Ca proﬁles are indicated by arrows.
ertainty based on standards run throughout the day, ±8% RSD for Mg/Ca and ±4% RSD
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Fig. 6. Ontogenetic proﬁle of laser Mg/Ca, Sr/Ca and 43Ca/48Ca intensity data, and
microdrilled δ18O data from L. neozelanica shell E720. ‘Averaged Mg/Ca’ is a plot of the
laser Mg/Ca data averaged over the same distances as the trenches drilled for δ18O analysis.
Grey shadingdenoteswhere δ18O andaveragedMg/Ca do not co-vary. For laser data, y error
bars reﬂect analytical uncertainty based on standards run throughout theday (±8%RSD for
Mg/Ca, and±4% RSD for Sr/Ca and 43Ca/48Ca). For δ18O, the y error bars represent±1 SD of
the individual measurements. (For interpretation of the references to colour in this ﬁgure,
the reader is referred to the web version of this article.)
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Like the T. retusa data, the L. neozelanica ontogenetic section (valve
E720) has its highestMg/Ca values (up to 25mmol/mol) in themost ju-
venile (posterior) part (0–2.5mm, shaded grey) (Fig. 6). The remainder
of the valve displays Mg/Ca variations with peak-to-trough magnitude
between 3 and 12 mmol/mol, on spatial scales of ~1 mm. As observed
for T. retusa, Mg/Ca and δ18O do not co-vary in the juvenile portion of
the ontogenetic section. However, the δ18O and averagedMg/Ca proﬁles
of this L. neozelanica shell show a high degree of co-variation from
~2.5 mm onwards. δ18O ranges from 1.3 to 1.9‰. The largest Sr/Ca var-
iations seen in the adult part of the valve are ~0.7 mmol/mol in magni-
tude and coincide with large Mg/Ca variations (at ~24–26 mm).
Themaximum andminimum and peak-to-trough amplitudes of the
Mg/Ca variations seen in the adult calcite are similar to those seen in the
transverse section of this shell (Fig. 7, E720).
4.6. L. neozelanica from a modern water depth transect
Four L. neozelanica shells from theNewZealandwater depth transect
(168 m–1488 m) were sectioned transversely (Fig. 7). With increasing
Fig. 7. Transverse proﬁles of laserMg/Ca, Sr/Ca and 43Ca/48Ca intensity data from four L. neozelanica shells recovered fromdifferent depths. Hatchedboxes indicate the location ofmicrodrill
sampling for δ18O analysis. Vertical lines show the suggestedmid-line of the valve. The y error bars reﬂect analytical uncertainty based on standards run throughout the day,±8% RSD for
Mg/Ca and ±4% RSD for Sr/Ca and 43Ca/48Ca.
113S. Butler et al. / Chemical Geology 397 (2015) 106–117water depth of recovery, the valve proﬁles show a reduction in the
mean Mg/Ca, as well as reduced Mg/Ca peak-to-trough amplitudes
(Fig. 7, Table 4). Intra-shell Mg/Ca variation is barely discernible in
valve E870, whichwas recovered from 1488mwater depth. The largest
variation in Sr/Ca seen in these proﬁles is around 0.5 mmol/mol, occur-
ring in the two valves from the shallowest depth, and themean value of
Sr/Ca decreases with increasing depth. 43Ca/48Ca proﬁles show no
signiﬁcant variation but have a larger degree of scatter in valve E840
(the valve which had the most data removed through screening for
contamination by borings, as described in Section 3.3). MeasurementsTable 4
Mg/Ca signals, δ18O measurements and their related temperature estimates from L. neozelanica
Valve Depth of
recovery
(m)
δ18O
(‰VPBD)
δ18O temperature
from Eq. (1) (°C)
Min. Mg/Ca
(mmol/mol)
J691 168 1.31 ± 0.07 13.59 ~4
E720 Ontogenetic section 256
‘Coldest’ 1.88 ± 0.15 11.2 ~2
‘Warmest’ 1.26 ± 0.07 13.51
E720 transverse section 256 1.64 ± 0.04 12.08 ~4
E840 transported downslope? 757 1.68 ± 0.03 11.01 ~3
E870 transported downslope? 1488 2.93 ± 0.05 6.62 ~2of δ18O using powder drilled from the hatched regions on Fig. 7 become
heavier with increasing depth (Table 4).
5. Discussion
5.1. Elevated Mg/Ca in posterior regions of valves
In ontogenetic sections, the posterior regions of both T. retusa and
L. neozelanica have strongly elevated Mg/Ca compared to the rest of
the valves (Figs. 4 and 6). These are likely caused by the crystallographicvalves from four different depths.
Max. Mg/Ca
(mmol/mol)
Approx min.
temperature
from Mg/Ca (Eq. (4))
(°C)
Approx max.
temperature
from Mg/Ca (Eq. (4))
(°C)
Temperature from
nearest CTD cast (°C)
~24 10.5 19.5 14.6
7.0
~17 17.7 13.4
~20 10.5 18.5 13.4
~17 9.1 17.7 7.2
~4 7.0 10.5 3.2
114 S. Butler et al. / Chemical Geology 397 (2015) 106–117orientation effect as observed in T. retusa by Perez-Huerta et al. (2011);
in the posterior region where the c-axes of calcite crystals are randomly
oriented, high and variable Mg/Ca values were reported. The remainder
of the valve's secondary layer calcite, where regular ﬁbres have c-axes
perpendicular to the inner shellmargin, yielded lower and less scattered
Mg/Ca values (ibid.). This feature could possibly be a result of very fast
shell growth in young brachiopods (Buening and Carlson, 1992) and is
consistent with a growth band study showing that T. retusa are immature
and fast growing up to 3 years of age (Curry, 1982). It follows that the
most reliable portion of brachiopod secondary layer calcite to use for
reconstructing seasonality comes from the older parts of the shell
(Buening and Carlson, 1992, Perez-Huerta et al., 2011). Chemical proﬁles
obtained from such regions of fossil brachiopod shells can be successfully
interpreted as recording seasonal changes in palaeoenvironment (Mii and
Grossman, 1994; Grossman et al., 1996; Powell et al., 2009).
5.2. Do brachiopod intra-shell Mg/Ca variations reﬂect temperature?
All of the T. retusa shells selected for this study experienced the same
environmental conditions as they were collected alive simultaneously
from one locality. Each transverse section was cut at a similar shell-age,
about two-thirds of the distance from the posterior margin to avoid the
crystallographic effects mentioned above. The inter-shell maximum and
minimum Mg/Ca values from each proﬁle are consistent, and average
18.5 ± 0.9 mmol/mol and 5.7 ± 0.8 mmol/mol, respectively (Table 3).
The annual temperature range at the sample site is 6.5 °C. Therefore, if
the intra-shell Mg/Ca variations are assumed to be a direct result of this
seasonal temperature range, these data suggest a Mg/Ca–temperature
sensitivity of 2.0 mmol/mol/°C (Table 3). We note that the shape of the
Mg/Ca cycles in the adult portion of the T. retusa ontogenetic
Section (Fig. 4, ~7.5mmonwards) is saw-toothedwith a steeper increase
than decrease. This suggests that the brachiopod grew slowly in the
winter/spring and faster in the summer/autumn. This is consistent with
observations of T. retusa growth lines by Curry (1982), which suggest
that two-thirds of the annual growth occurs in the 6 months of
summer/autumn with one third of the annual growth occurring in the
6 months of winter/spring. However, different minima are seen in
different years in the ontogenetic proﬁle (Fig. 4), suggesting there
was no minimum temperature at which growth shut down, which0
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at depthmeasured inCTD casts from two subsequent summers andwinters,±0.5 °C (Grantham,
Fig. 4 versus their corresponding δ18O temperatures (calculated as described in Section 5.2) for th
laser Mg/Ca from the same region of the valve as the δ18O sampling (hatched on Fig. 7) versus t
different depths. The y error bars show±2 SD of theMg/Ca data from the laser proﬁles of each v
δ18O temperatures (as described in Section 5.2) for theontogenetic section of shell E720 (Fig. 6). U
measurement into the temperature calculation (Eq. (1)) and all other y error bars reﬂect the anwould otherwise bias our calculated Mg/Ca–temperature sensitivity.
Our assumption that intra-shell brachiopod shell Mg/Ca variations
reﬂect seasonal temperature variations can be tested using intra-
shell δ18O data to provide an independent measure of the tempera-
ture variation recorded within valves.
Our T. retusa δ18O values are similar to previously published data from
this species from the Firth of Lorne (1.0–2.5‰ Parkinson et al., 2005),
which is also the range of expected equilibrium values for this seawater
(ibid.). There is no signiﬁcant annual salinity variation at this locality
(Grantham, 1983; Grantham et al., 1983a, 1983b), so we interpret valve
δ18O data solely in terms of seawater temperature. When compared on
similar spatial scales of sampling, the close co-variation of δ18O and aver-
aged Mg/Ca in the adult portions of the valve (non-shaded region in
Fig. 4) support a temperature control on Mg/Ca. Using a δ18Oseawater
value of 0.06‰ VSMOW for this locality (Parkinson et al., 2005), we use
the following equation to convert δ18O to temperature.
T ¼ 16:89−4:18 δ18Ocalcite−δ18Oseawater
 
þ 0:18 δ18Ocalcite−δ18Oseawater
 2 ð1Þ
This equation is based upon the thorough delineation of the rela-
tionship between δ18O and seawater temperature in modern bra-
chiopod calcite recently provided by Brand et al. (2013); it is a
second-order polynomial ﬁt to data from their supplementary data
Table S2. Unlike Brand et al. (2013), we chose not to include a correc-
tion for the effect of Mg on δ18O, as this is derived from a study of
synthetic magnesian calcite, where it is required for Mg/Ca values
above 100 mmol/mol (Jiménez-López et al., 2004). Our δ18O-based
temperatures range from ~8.5 to 13 °C. These values do not encom-
pass the coldest measured seawater temperatures (6.5 °C), likely be-
cause the calcite was drilled from trenches, and the brachiopods
grow more slowly in the winter months. ‘Averaged Mg/Ca’ from the
region of the microdrill trenches (black boxes in Fig. 4) are plotted
versus their corresponding δ18O temperatures on Fig. 8 (open trian-
gles). Owing to the reduced spatial sampling resolution of this tech-
nique, the data lie between the points representing laser ablation
Mg/Ca maxima and minima and in situmeasured seawater tempera-
tures. These two end members deﬁned by measured seawater11 12 13 14 15 16
O calculated temperature (˚C)
lotmaximumandminimumMg/Cavalues from the laser proﬁles of shells 1 to 3 (Figs. 4 and
easured seawater temperature by showing thedifference between seawater temperatures
1983; Grantham et al., 1983a, 1983b). Open triangles (T. retusa)plot ‘AveragedMg/Ca’ from
eontogenetic and transverse sections of shell 1. Closed circles (L. neozelanica) plot averaged
he corresponding δ18O temperature (calculated as described in Section 5.2) for valves from
alve (Fig. 7). Open circles (L. neozelanica) plot ‘AveragedMg/Ca’ versus their corresponding
nless otherwise noted, all other x error bars come from the substitution of±1SDof the δ18O
alytical uncertainty in Mg/Ca based on standards run throughout the day, ±8% RSD.
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tial ﬁt to the data deﬁned by δ18O temperatures (Eq. (2)).
Mg=Ca ¼ 2:35 0:46 e 0:130:04ð ÞT ð2Þ
This agreement between the two approaches suggests that in the
secondary layer calcite of T. retusa,Mg/Ca is a faithful recorder of seawater
temperature. Combining the data from the two methods deﬁnes a
Mg/Ca–temperature relationship (Fig. 9), which can be approximated
by an exponential ﬁt with an R2 value of = 0.75 (Eq. (3)).
Mg=Ca ¼ 1:76
 0:27e 0:160:03
 
T errors are 95% confidence intervalsð Þ
ð3Þ
A similar Mg/Ca–temperature relationship is also seen within intra-
shell δ18O andMg/Ca data from the ontogenetic section of L. neozelanica
shell E720. Laser ablationMg/Ca datawere averaged over the δ18O sam-
pling trench and plotted versus their corresponding δ18O temperatures
(open circles, Fig. 8). δ18O-temperatures were calculated using Eq. (1),
using estimates for the δ18O of seawater obtained from the salinity–δ18O
relationship of LeGrande and Schmidt (2006), with salinity at depth
taken from the closest available CTD cast (WOCE, 2002). The impact of
uncertainty in δ18Osw on calculated temperatures is shown by the
right hand x error bars (dashed) on Fig. 8, which denotes the range of
temperatures obtained when assuming up to 500 m post-mortem
downslope transport.
5.3. Brachiopod Mg/Ca and δ18O from a modern water depth transect
In general, the overall trend of increasing L. neozelanica δ18O with
water depth is consistent with water column temperature proﬁles
(Tables 1 and 4), and themeasurements are broadly comparable to pub-
lished data from this species in different shallow water settings off the
South Island of New Zealand (1.1–1.44 ‰ for Doubtful Sound (Brand
et al., 2013) and 0.7–1.7 ‰ for the Otago Shelf (Parkinson et al.,
2005)). Unfortunately, it is not known whether the shells have been
transported after death prior to collection. We therefore chose to use
the shell δ18O as the most robust means of evaluating the in situ
temperature during the brachiopod's lifetime. Although this approach
requires an assumed value for seawater δ18O, the variation of this
parameter with water depth is less signiﬁcant than temperature. To
calculate temperature we used Eq. (1), in combination with the
salinity–δ18O relationship of LeGrande and Schmidt (2006), with salinityat depth taken from the closest available CTD cast (WOCE, 2002). We
assume a maximum post-mortem downslope transport of 500 m,
which translates into a δ18Osw-related uncertainty of + 1.19 °C on our
calculated temperatures (Fig. 8). Plotting averagedMg/Ca versus calculat-
ed δ18O-temperature on Fig. 8 (ﬁlled circles), deﬁnes a similar Mg/Ca–
temperature sensitivity to those deﬁned by intra-shell data from both
L. neozelanica and T. retusa (described in Section 5.2).
An exponential ﬁt through all measurements from L. neozelanica
(intra-shell and depth proﬁle) (Fig. 9) deﬁnes the following Mg/Ca–
temperature relationship:
Mg=Ca ¼ 0:49
 1:27 e 0:20:11ð ÞT errors are 95% confidence intervalsð Þ ð4Þ
This equation and its large error margins are strongly inﬂuenced by
the scarcity of data from low temperatures, so an aim of future work on
this species should be to further constrain this initial relationship. A
comparison of this initial L. neozelanica Mg/Ca–temperature relation-
ship to that of T. retusa highlights the presence of a taxonomic offset
of around 5 mmol/mol (Fig. 9), which is similar to the taxonomic
differences observed in fossil brachiopods by Popp et al. (1986) and
Grossman et al. (1996). Further investigation of taxonomic offsets are
recommended for future work.
The Mg/Ca sensitivity to temperature for both T. retusa and
L. neozelanica is similar to the overall trend obtained from drilled or
crushed and powdered valves from multiple species from worldwide
localities (Brand et al., 2013; Fig. 9). However, the laser ablation data
are less scattered, supporting its use in better deﬁning the Mg/Ca–
temperature relationship in brachiopod shell calcite.
5.4. A potential proxy for reconstructing past seasonality?
To gain an initial insight into howmany fossil valvesmight need to be
studied to obtain meaningful estimates of seasonality for the geological
past, we treated the six T. retusa valves as if they were fossil unknowns.
For the adult portions of each valve, deemed unaffected by the crystallo-
graphic effect, we converted the difference between maximum and
minimum Mg/Ca into a difference between maximum and minimum
temperature (seasonality) using Eq. (3). This yields an estimate of the
seasonal temperature range (7.4 °C) with a conﬁdence in the mean of
±0.8 °C (2se, n= 6) (Table 3). Although this level of precision reﬂects
the ideal situation of at least six pristinely preserved fossil valves of iden-
tical age, it is small enough to encourage development of the proxy.
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Laser ablation sampling is an ideal means of identifying the full
amplitude of brachiopod intra-shell trace metal variations. Our results
strongly support a temperature (seasonality) control on brachiopod
intra-shell Mg/Ca cycles in the adult portion of the brachiopod shell.
Laser ablation sampling of brachiopod shells also deﬁnes the shape of
seasonal cycles in Mg/Ca, allowing assessment of whether the full
seasonal temperature range is captured in a shell. We also compared
two different proﬁle-sectioning techniques. Sectioning brachiopod
shells longitudinally has the advantage of capturing an increased
number of seasonal cycles, which may be useful for estimating past
seasonality, although care must be taken to avoid sampling the juvenile
material in the posterior part of the shell. Sectioning brachiopods
transversely, about two-thirds of the shell length from the posterior
margin avoids this problem. Furthermore, this traverse produces an
approximately symmetrical seasonal signal either side of the axis of
symmetry, which could be a useful constraint on assessing the robust-
ness of seasonal Mg/Ca cycles observed in fossil shells that may have
undergone more diagenetic processes.
Our estimated Mg/Ca–temperature sensitivity is higher than that for
inorganic calcite, but similar to other biogenic calcites, suggesting a com-
bined thermodynamic and physiological control on the uptake of Mg into
brachiopod shell calcite. The sensitivity is similar for both T. retusa and
L. neozelanica and is higher than the linear Mg/Ca–temperature calibra-
tions for the calcite layers of the bivalvesMytilus trossulus (Klein et al.,
1996), andMytilus edulis (Vander Putten et al., 2000)which has previous-
ly been applied to fossil brachiopod Mg/Ca data (Powell et al., 2009).
In summary, laser ablationMg/Ca proﬁles of brachiopod calcite have
great potential as a palaeothermometer, capturing both secular varia-
tions in bottomwater temperatures and also past changes in the degree
of seasonality.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.01.009.
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